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ABSTRACT I! 

Recent heat-flow studies in the Western United States, especially the Cordillera, are discussed 
and summarized and a new heat-flow map is presented. The major features of the map have 
already been described: high heat flow in the Northern Rocky Mountains, Columbia Plateau, 
High Cascades, and Basin and Range provinces (the Cordilleran thermal anomaly zone); high 
heat flow along the San Andreas-Gulf of California transform system; high heat flow in the 
Southern Rocky Mountains; moderate heat flow in part of the Colorado Plateau; and low 
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heat flow along the Sierra Nevada and the coastal provinces of Oregon and Washington. :I:i 

. 'I
In addition, much detail is apparent in the Cordilleran thermal anomaly zone. Very high heat 
flow (greater than 2.5 HFU) is found in the Cascades, and part of the Brothers fault zone 
in Oregon, part of the Snake River Plain in Idaho, Yellowstone in Wyoming, the Battle Mountain 
"high" in Nevada, the Geysers area and the Imperial Valley in California, and the Rio Grande 
rift in New Mexico. Areas of low heat flow are associated with part of the Columbia Basin 
in Washington, the eastern part of the Snake River Plain in Idaho, and the Eureka "low" 

in Nevada. The heat-flow map is very complicated because it includes the effects of crust 
and mantle radioactivity and magmatic heat sources, regional hydrology, and thermal refraction 
due to structurally related thermal conductivity contrasts. 

In the active tectonic areas there are energy losses associated with volcanism, intrusion, 
and hydrothermal convection. Such losses may not be measured in a typical heat-flow survey. 
These losses are evaluated and shown to be a significant part of the total heat flow in many 
areas. Heat flow is compared to the geographical distribution of volcanism, plutonism, 
hydrothermal activity, and average topography. The regions of high heat flow correlate well 
with the areas of Cenozoic volcanism, plutonism, and thermal spring activity. The lack of 
a one-to-one correlation of areas of active plutonism to regional concentrations of thermal 
springs is shown. The relationship of topography to heat flow is complicated, and it appears 
that in general the average composition of the crust changes during a major continental thermal 
event so that the relationships between topography and heat flow may change during the 
evolution of the thermal event. 
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Detailed heat-flow interpretation relies on the relationship between heat flow (Q) and 
radioactive heat generation (A). The Basin and Range plot of Q versus A applies only to 
areas where the most recent volcanic event is older than 17 m.y. In areas of younger thermal 

events, the reduced heat flow (that is, the heat flow measured at the surface less heat production 
from crustal radioactive sources) is generally higher than 1.4 HFU, and hydrothermal convection 
and volcanism are major mechanisms involved in the total energy transfer. Furthermore, 
transitions between thermal provinces are narrow (generally less than 20 km); therefore, the 
sources directly responsible for the surface-measured variations in heat flow must be in the 
crust. Thermal boundaries also usually appear in areas of contemporary seismicity. 

As a synthesis of the discussion, a map of energy release (as opposed to heat flow measured 
at the surface) and a simple model of a Cordilleran thermal event are presented. The generalized 
map of energy release shows total thermal energy transfer from the mantle, including 
nonconductive energy losses. This map shows highest heat flow along the eastern and western 
borders of the Cordilleran thermal anomaly zone and a smoother variation of heat flow within 

the zone than does the heat-flow map. During a continental thermal event typical of the 
Cordilleran thermal anomaly zone, which may be infinitely more varied in intensity and duration 
than an oceanic spreading event, the conductive heat flow will be only a part of the total 
energy loss, and the dominant heat-transfer mechanisms change with time over the life of 
the event. For the areas where a thermal event is young, volcanism and plutonism may be 
the prime energy-loss mechanisms, but in spite of the high overall energy loss, large areas 
of young volcanism may have very low conductive heat flow because of the dominant effect 
of hydrothermal convection as a mechanism for plutonic energy loss. As the thermal event 
decays, regional hydrothermal convection and heat conduction become the dominant heat
transfer mechanisms. For areas where thermal events are older than 17 m.y., heat conduction 
is the dominant heat-transfer mechanism although hydrothermal convection may be locally 
significant. 

INTRODUCTIOf',; 

Research into the thermal characteristics of the Western United States has never been 
as active as at the present time. Of particular interest are studies of such subjects as the 
volcanic history. nature of hydrothermal circulation in the crust in geothermal areas. and 
regional geophysical investigations. These studies have been given added impetus and urgency 
by the need to explore for and evaluate the impact of geothermal resources on the energy 
needs of the United States. Most of these studies have been begun in the past 5 years. 
and their full results and impact have yet to reach the scientific literature. For example. 
there are probably twice as many heat-flow measurements in preparation for publication for 
the Western United States as have been published up to 1976. The number of active investigators 

has increased also. and at the present time there are probably 100 to 200 new heat-flow 
measurements made in the Western United States every year. Private exploration groups are 
drilling holes in geothermal areas at the rate of 1,000/ yr. It is not uncommon at the present 
time to have 20 to 50 drill holes in a single geothermal prospect. 

In a recent tabulation of data in the United States, Sass and others (1976) included slightly 
over 400 values for the Western United States. An additional 100 or so heat-flow values 
are in the final stages of preparation or in press for each western state. The results of these 
studies have revealed a complexity and detail of heat-flow variation previously unknown. 
In the geologically complicated Western United States. the spatial frequency of variation of 
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the heat 110w at the surface is on the order of I to 20 km; therefore, pre-exlstmg data, 

often at a spacing of 50 to 100 km and in biased locations, are not adequate for understanding 

the variations now seen so prominantly. 
The predominant thermal feature of the Cordillera is the zone of high heat flow 500 to 

1,000 km wide that includes the Northern Rocky Mountains, Cascade Range, Columbia Plateau, 

and Basin and Range provinces in the United States. I have noted (Blackwell, 1969) that 

the thermally anomalous region extends north to the Canadian border and is not confined 
to the Basin and Range province, previously the focus of most allention (Menard, 1960; Pakiser 

'
and Zietz, 1965; Cook, 1966). This thermal feature was called the Cordilleran thermal anomaly 
zone (Blackwell, 1969) to emphasize the fact that the high heat flow is widespread and not 

confined to a single physiographic or tectonic province. Subsequent studies have extended 
the zone along the Cordillera south to the Mexican volcanic belt (Mooser, 1972; Smith, 1974; 
Blackwell, unpub. data) and north into central British Columbia (Judge, 1975; Hyndman, 1976). 

The Cordilleran thermal anomaly zone is bounded discontinuously along the west by a 
narrower zone of anomalously low heat flow and on the east by the Great Plains and the 

Colorado Plateau. which have somewhat lower heat flow. In New Mexico the Cordilleran 

thermal anomaly zone intersects the Rio Grande rift and the Southern Rocky Mountains. 
The nature of the relationship of these two features to the zone is not well understood. 

The pattern of an area of anomalously low heat 110w oceanward of a broad zone of high 
heat flow and the association of that pattern with andesitic volcanism can uniquely be related 

to the presence in the recent past of a subduction zone (Blackwell, 1971, 1974; Roy and 
others, 1972; Hyndman. 1976) The heat· flow studies thus furnish evidence of a dominance 

of subduction-zone tectonics on the Cenozoic history of the Cordillera; the results of the 
studies imply a history and location of the Cenozoic subduction-zone activity uniquely compatible 

with the tectonic model deduced by Atwater (1970) from the distribution of ocean-floor magnetic 

anomalies. 
Parts of the paper deal with the whole Western United States. The emphasis. however. 

will be on the Cordillera. and little will be said about the Middle and Southern Rocky Mountains 
or about the Rio Grande rift. Furthermore. the object of this paper is not the discussion 

of the relationship of heat flow to plate tectonics in the Cordillera, but a description and 

evaluation of the distribution of energy loss and the thermal evolution of the crust and upper 
mantle of the Cordillera. The discussion of this paper does not supersede that of Roy and 
others (1972). and reference to that paper should be made for general descriptions of the 
thermal character of all of the Western United States. 

As a result of the increasingly detailed knowledge of the heat-flow pattern. whole new 

chapters on the relation of heat flow to the tectonic features and the geologic history of 
the Cordillera are being written. Because so many of these data and results are in a state 
of preparation and interpretation at the present time, this paper will summarize only in a 
generally qualitative way some of these recent findings, describe the characteristics of the 

heat-flow data, and discuss some of the correlations of the heat-l1ow data with other 
investigations. 

In the first section of the paper a heat-flow map of the Western United States will be 
presented and described. Then the various mechanisms contributing to energy loss (volcanism, 
and so forth), in addition to the heat flow measured during regional surveys. will be discussed 

and evaluated in a preliminary way to see if they contribute significantly to the energy loss. 
Next the heat-flow pattern will be compared 10 the distribution of these other types of 

energy-release phenomena. In the foUowing section the relationship between heat flow measured 

at the surface. crustal heat production, and structural-volcanic provinces will be described. 
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Then the nature of transitions between areas of differing heat flow will be briefly discussed 
in the light of recent studies. In the final section, a quantitative model for the thermal evolution 
of the Western United States will be suggested and a synthetic map discussed which describes 
in a more complete way than previous heat-flow maps the distribution and magnitude of 
energy release. 

For continuity of the present discussion with the large body of data in the literature, cgs 
units will be used throughout. Conversion factors of the most commonly used units to SI 
units are given below for reference.' 

HEAT-FLOW DISTRIBUTION 

Two heat-flow maps (Roy and others, 1972; Sass and others, 1971) have been available 
for tectonic and geologic interpretation, These maps attempt to illustrate different qualities 
and thus warrant some discussion. Roy and others (1972) and Blackwell (1971) presented 
variations of the same heat-flow map (Fig. 8-IA). The map was contoured, and areas of 
high and low heat flow were shaded. As defined, the shaded areas indicate regions of high 

'I heat-flow unit (HFU) = I X 10-6 cal/(cm2 ,s) = 41.8 mW 1m2 
; I heat-generation unit (HGU) = 

I x 10- 13 cal/(cm'·s) = 0.418 ~W 1m'. 
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Figure 8-1. (A. facing page) Heat-flow 
map of the Western United States (Roy 
and others, 1972) with data through 1974 
(Brott and others, 1976). Plus signs repre
sent heat-flow values in the range of 0 
to 0.99 HFU; open circles. 1.0 to 1.49 
HFU; dotted circles, 1.5 to 1.99 HFU; 
solid circles, 2.0 to 2.49 HFU; solid trian
gles, 2.5 to 2.99 HFU; solid rectangles, 
>3.0 HFU. (B) Heat-flow map of the 
Western United States (Sass and others, 
1976). BMH is the Battle Mountain high, 
and EL is the Eureka low. Contours are 
in heal-flow units. 
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(greater than 2 HFU) and low (less than I HFU) heat Ilow "with average values of flux 

that would he measured in rocks with surface radioactivity of within the range of granodiorite" 

(Roy and others, 1972, Fig. 13). This map was not an attempt to show heat Ilow at the 
surface (that is, measurable in 100- to 300-m-deep drill holes); instead the map was an attempt 
to generalize on the conditions in the upper mantle as rellected above an average continental 
crust. There was no attempt to subdivide the regions of high heat Ilow in a detailed way, 
and contouring of individual anomalies was not attempted, even though it was certainly recognized 
that many different geologic provinces were included in the regions of high heat Ilow and 
that regional variations in heat Ilow would occur within these differing geologic provinces 
(Roy and others, 1968). 

A different approach to the representation of the heat-Ilow data (see Fig. 8- IB) was presented 
and discussed by Sass and others (1976, Fig. 8-38; an updated version of a map published 
by Sass and others, 197 I). This map is an attempt to present a contour map of heat Ilow 
as measured at the surface, where "surface" is roughly defined as the outermost 100 to 
300 m of the Earth. 

The main problem with a heat-flow map such as the one by Sass and others (1976) is 
that the effects of variations in crustal heat production, large-scale hydrologic effects, structural 
complications, local heat sources, and mantle effects are all included without differentiation. 
Furthermore, any new heat-flow value may reflect a previously unknown anomaly and require 
a change in the map. In view of the lateral scale of heat-Ilow variations, such a map cannot 
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be complete until heat-flow data for all the Western United States have been gathered at 
a spacing of 1 to 20 km. Thus, in using such a map. it should be kept clearly in mind that 
contours in data gaps are subject to change as more data become available. 

A problem with both maps is that it is difficult to separate one kind of anomaly (mantle 
or deep crustal) from the other (near surface or upper crustal) without closely spaced data 
and without a good understanding of the geologic setting, history, and regional hydrology 
of the determination site. Furthermore, the user of a heat-flow map may be interested in 
local anomalies (geothermal areas, for example) that are not shown on a regional heat-flow 
map. So the first kind of map is simpler to interpret but omits much information of importance, 
whereas the second is complicated and requires more data to contour properly. 

Figure 8-2 shows a contour map of the heat flow in the Western United States. This map 
is similar to the map of Sass and others (1976) in California, Nevada, and Arizona. The 
remainder of the map has been contoured to include much new data in the Pacific Northwest. 
In the Pacific Northwest the contouring is based on the data of Blackwell and Robertson 
(1973), Blackwell (1974), Bowen and others (1977), Brott and others (1976, 1978), Hull and 
others (1977), and Morgan and others (1977). Local anomalies probably related to hydrothermal 
systems have been omitted because the consistency with which they can be shown given 
the present density of heat-flow data is uneven. The 1.0- and 2.0-HFU contours have been 
added in some areas. 

The contouring of a heat-flow map is entirely subjective because only in a few locations 
are the data sufficiently dense for detailed analysis. Thus, given the gaps in the data, individual 
points that are anomalous relative to their immediate surroundings can either be ignored or 
be connected together. to make the map much more complicated. For example, Reiter and 
others (1975) connected a series of high heat-flow values to form a long narrow ribbon along 
the Rio Grande rift. Alternatively. such values can be considered local anomalies and ignored 
in the contouring. The approach in drawing Figure 8-2 has been in general to consider each 
point significant and to connect several such anomalous points into discrete anomalies. This 
decision should be kept in mind by anyone using Figure 8-2. 

The origin of most of the major features of the map (Fig. 8-2) is well known and is 
discussed in detail by Roy and others (1972) and Sass and others (1971). For example. the 
low heat flow along the Pacific Coast in Oregon and Washington extending into the Sierra 
Nevada of California is due to present and recent (past 10 m.y. or so) subduction of the 
Juan De Fuca plate under western North America (Roy and others, 1972; BlackwelL 1971. 
1974; Hyndman, 1976). The high heat flow of the Cordilleran thermal anomaly zone (Blackwell, 
1969), which consists of the Northern Rocky Mountains. Columbia Plateau, and Basin and 
Range province, is still a major feature of the map. but there is considerable character to 
the heat-flow map in these provinces (see below). The high heat flow along the San Andreas 

(Henyey and Wasserberg, 1971; Lachenbruch and Sass, 1973) and in the vicinity of the 
spreading center in the Gulf of California (Elders and others, 1972; Henyey and Bischoff, 
1973; Smith, 1974; Lawver and others, 1973) shows clearly. The high heat flow in the Southern 
Rocky Mountains was pointed out by Decker (1969). The work of Reiter and others (1975) 
and Decker and Smithson (1975) in New Mexico has resulted in the identification of a major 
anomaly with very high heat flow associated with the Rio Grande rift. Work is in progress 
to solve the long-standing problem of the nature of the Basin and Range-Colorado Plateau 
transition (David Chapman, 1977, personal commun.). Additional data from the northern 
Colorado-Wyoming area (E. R. Decker, 1976, personal commun.) are in the process of analysis. 

The newest data on the map are those in the Pacific Northwest, and a brief descr\ption 
of the anomalies will be given. East of the area of low heat flow along the coast. the heat 



H I'AT FLOW AND ENI'R(iY Loss IN THE WESTERN UNITED STATES 181 

flow increases beneath the Cascade Range. a currently active continental andesile arc. Farther 
to the east in Washington. northern Idaho. and western Montana, the heal now is generally 
high, and the variations are primarily due to variations in crustal radioactive heal generation. 

Recent data indicate that the heat-Ilow pattern in Oregon and southern Idaho is considerably 
more complicated. The heat-Ilow values at the western margin of the Oregon High Cascades 
average about 2.5 HFU. and an extremely complicated pallern of generally high heat flow 
is found associated with the Snake River Plain in Idaho (Broil and others. J976, 1978), These 
variations in heat flow are too large to be oue to variations in crustal radioactivity alone, 
and a combinanon of crustal thermal sources and large-scale thermal refraction due to crustal 
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Figure 8-2, Revised heat·no" map of the Western United States. Contours are in heat·now units. 
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inhomogeneities is necessary to explain the data. The low heat flow in eastern Idaho is caused 
by the Snake Plain aquifer. Water recharges the aquifer at the east and travels very rapidly 
to the west to discharge at Thousand Springs in south-central Idaho. The flow is so large 
that temperature gradients are near zero in the aquifer, which is over 300 m thick. No heat-flow 
values are available for wells that penetrate the aquifer, but Brott and others (1978) have 
proposed that the heat flow increases to the east to average values of 3.0 to 5.0 HFU near 
Island Park. The main evidence for this increase is a systematic increase in elevation eastward 
(see Fig. 8-5). Furthermore, average heat-flow values for a large area along the southeast 
margin of the Snake River Plain average 5.0 HFU (\ 7 values). 

'
Thus a significant thermal boundary can now be recognized between the Columbia Plateau

Northern Rocky Mountains and the Brothers fault zone-Snake River Plain. The boundary 
is not well located, but runs somewhere through the Blue Mountains and the central part 
of the Idaho batholith. In the Cascade Range the heat flow decreases northward by about 
I HFU at the Columbia River, where the young volcanism decreases in intensity. 

To the south the high heat flow associated with the Snake River Plain and the Brothers 
fault zone (Walker, 1969) appears to merge with the Battle Mountain high described by Sass 
and others (\ 971, 1976). The origin of the high heat flow is attributed by Sass and others 
(1971. p. 6409) to "the transient effects of a fairly recent crustal intrusion." A second anomaly 
occurs farther south in Nevada, the Eureka low (Sass and others, 1971, 1976). The low heat 
flow is observed over an area of several thousand square kilometres and is attributed to 
either large-scale hydrologic phenomena or to anomalously low heat flow from the mantle. 

There is high heat flow observed well to the east of the Great Plains-Northern Rocky 
Mountains boundary in eastern Montana and western North Dakota (Blackwell, 1969; Combs 
and Simmons, 1973). This region of high heat flow is somewhat enigmatic, and the origin 
of the excess heat flow is not known. The high heat flow may be a mantle effect, or it 
may be due to hydrologic effects in the Great Plains aquifers (see Adolphson and LeRoux, 
1968). 

NONCONDUCTIVE ENERGY RELEASE 

Conventional heat-flow measurements do not measure the total energy loss from the interior 
of the Earth in an area of active tectonism (Shimazu. 1964; Blackwell, 1967). Significant 
sources such as volcanism. intrusive activity, hydrothermal convective heat transfer, and so 
forth, mayor may not be represented in the measurements. So a map of heat flow such 
as Figure 8-2 does not necessarily represent the energy transfer from the upper mantle. The 
object of this section is to consider such energy losses for the Cordillera to see if, compared 
to the conductive heat-flow values, they are significant. 

Stored Thermal Energy 

One phenomenon that absorbs energy from the mantle without being readily apparent at 
the surface is heating of the lithosphere. If a conservative average warming of 200°C from 
the surface to 200 km is assumed for the thermally anomalous areas of the Cordillera and 
the heat capacity is assumed to be 0.25 cal/(g'°C), the total energy stored for a density 
of 3.3 g/cm3 is 3.3 X 109 cal/cm2 

• If this energy were to be supplied at a uniform rate for 
80 m.y., a flux of 1.3 HFU would be required. This figure is nearly equal to the total heat 
flow from the mantle proposed for the Cordilleran thermal anomaly zone. Perhaps the gap 
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in volcanic activity in the Great Basin region between the end of the Sierra Nevada event 
about 70 m.y. ago (Kistler and others, 1971) and the beginning of Cenozoic volcanism about 
40 m.y. ago (Armstrong and others, 1969; Stewart and others, 1977) is due to the period 
required for heating and melting of tbe upper mantle and crust after shallowing of the subducting 
block at the end of the Mesozoic. Of course, eventually the section will cool off and the 
heat will be released, but in the conlext of the time scale of Cordilleran tectonism, the stored 
heat represents a significant compouent of the energy budget. 

Thermal metamorphism of the c11lSt could also absorb a significant amount of energy. Since 
the initial metamorphic grade of the crust is not known, it is difficult to estimate how much 
energy might be absorbed by such a mechanism. Hence no estimate of this effect is attempted. 

Energy Flow from Volcanism 

A second possible source of eneJ'!Y loss from the interior of the Earth that is not measured 
in heat-flow surveys is the heat lost at the surface during the eruption and cooling of volcanic 
rocks. The parameters needed are the volume, the heat loss per unit volume, and the time 
span of volcanism. For the purposes of this discussion the average heat lost during cooling 
of an average volcanic or intrusive rock is assumed to be about 845 cal/cm' (325 cal/g 
times 2.6 g/cm3 

). The volume of volcanic rocks is the most elusive parameter because the 
products are quickly removed by erosion. In order to compare the energy flux to the heat 
flow, knowledge of the area of the source is needed, but is unknown. It is certainly larger 
than the intrusive center (see Marsh and Carmichael, 1974). For purposes of the discussion 
I will assume that the area covered by the volcanic rocks is equivalent to the source area. 
The results are summarized in Table: 8-1. 

White and McBirney (this volume) have estimated a volume flux of volcanic rocks in the 
Oregon Cascades during the past 10 m.y. of 8.8 x 10-0 km3 /yr per I km of length (about 

TABLE 8-1. MAGNITUDES OF ENERGY TRANSFER FOR VARIOUS MECHANISMS 

Locality Area Time Volume Total energy Total 
(km') span flux flux heat now 

(m.y.) (km' I yr) (calls) (HFU) 

Volcanism 
Oregon Cascades 17,500 20 3.1 x 10- 3 4.1 x lOY 0.4710-

0 
_ 

Andes 10 3.0--4.2 x 0.16-0.23 
10- 1 lOyColumbia Plateau 250.000 3 1.2 x 3.1 X 1.3 

Greal Basin ignimbrites 180.000 20 1.0 x 10- 2 2.6 X 10" 0.15 
San Juan volcanics 25,000 3 1.3 x 10- 2 2.7 X 10" 1.1 

Plutonism 
Yellowstone-Snake 

River Plain 2,500 15 5.2 x 10- 2 1.2 X 10' 48 
Andes 2.9-9.9 x 10-'- 0.16-0.54 

Hydrothermal convection 
Western United States 2,300,000 >2.4 X lO"t >0.01§ 
Southern 

Idaho batholith 32,500 6.5 X 10' 0.2 
Stored thermal energy 

Cordilleran thermal 
anomaly zone 2,000,000 40-80 2.4--4.8 x 10'0 1.2-2.4 

-_---:._-------------------------- -----~ 

-Per I km of length.
 
tExcluding Yellowstone. Actual value is probably 2 to 10 times this amount.
 
§Average over areas of high heat no",.
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350 km). The width of the volcanic zone is about 50 km, so the average heat-flow rate would
 
. be 0.5 HFU over the area of late Cenozoic volcanism (see Table 8-1). Francis and Rundle
 
(1976) estimated the volume of volcanic rocks for the continental arc volcanism of the central
 
Andes. Their estimates give a heat flow about one-half that estimated for the Oregon Cascades.
 

In a completely different setting, Baksi and Watkins (1973) estimated a volcanic production 
rate for the Miocene basalts of the Columbia Plateau, including southeastern Oregon, of 1.2 x 10' 
km'/yr for about 3 m.y. This value corresponds to an energy flux of 3.1 x 10~ calls and 
an equivalent heat-flow value for the approximately 250,000 km" underlain by the basalt of 
l.3 HFU. ~ 

Lipman and others (1970) estimated the eruption rate for the San Juan volcanic rocks of 
Colorado at about 1.0 x 10 -2 km'lyr for the rocks of intermediate composition and for the 
ash-flow tuffs. This eruption rate corresponds to an energy flux of I. I HFU for the duration 
of the volcanism. The activity occurred between about 32 to 34 m.y. ago for the intermediate 
rocks and 28 m.y. ago for the ash-flow tuffs. 

As a final example, the average heat flow during the voluminous ignimbrite eruptions of 
mid-Cenozoic time (approximately 20 to 39 m.y. ago, Stewart and others. 1977) in the Great 
Basin is considered. Mackin (1960) estimated the volume of the ignimbrites at 205,000 km'. 

The area covered is about 180,000 km 2 
, so the average heat flow for the period was 0.16 

H FU. This value is probably a minimum, but it is comparable to the other figures. 

Energy from Intrusive Activity and Hydrothermal Convection 

If plutons cool by heat conduction alone and if the heat-flow measurements are appropriately 
spaced, then the energy loss would be adequately represented in the heat-flow data. However, 
it appears that such conductive cooling seldom if ever occurs in plutons emplaced in the 
middle to upper crust, because these bodies cool primarily by hydrothermal convection. Thus 
the energy will be lost in a possibly complex way that may be missed by conventional heat-flow 
studies. For the purposes of this discussion, the effects of intrusive heat loss and hydrothermal 
convection will be considered together. As more attention has been focused on geothermal 
energy, some thermal studies of intrusive-related geothermal systems have been made (Lachen
bruch and others, 1976a, 1976b: Morgan and others, 1977), but much remains to be done. 

Francis and Rundle (1976) estimated the Mesozoic intrusive activity in the central Andes 
based on the area of granitic rocks of the Coastal batholith of Peru (see Table 8-1). The 
inferred energy flux is 0.2 to 0.5 HFU per I km of length if the zone is assumed to be 
50 km wide. They noted that similar estimates apply to the Sierra Nevada and other regions 
of the circum-Pacific batholith chains: thus this heat-loss value is apparently typical of andesitic 
arc plutonism. 

In order to obtain a different perspective, the currently most active volcanic zone in the 
Cordillera, the Snake River Plain-Yellowstone region is considered. Fournier and others (1976) 
have measured the current rate of heat loss for the hydrothermal convection system in the 
Yellowstone caldera. They estimated an energy-loss rate of 1.2 x 10~ calls (Table 8-1) and 
a heat-flow value of 48 HFU. The current rate of energy flux in Yellowstone is probably 
typical of the flux rate of the hot spot for the past 15 m.y. or so. As another perspective 
on the energy transfer, the total conducted heat for the Cordilleran thermal anomaly zone 
between the Canadian border and the southern limits of the Great Basin (about 1.2 x 10" 
km 2 

) is about 2.6 x 10'0 calls, so that the convective heat transfer in Yellowstone is equal 
to 5% of the total conductive heat loss in the Cordillera! 

Yellowstone is the giant among the active convective systems in the Western United States. 
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The energy-now rate calculated for all geothermal areas in the Western United States from 
expected subsurface temperatures and now rates tabulated by Renner and others (1975) is 

2.4 X 10' calls. This value is probably a considerable underestimate, however. 
Some. perhaps most, of this energy now represents cooling shallow magma chambers, but 

some merely represents redistribution of the regional conductive heat now. For example, 
in the southern parI of the Idaho batholith where the last major thermal event was in Eocene time 

(Armstrong. 1974) and where there is no evidence for contemporary volcanic or intrusive 
activity. fully 10% of the average regional heat now. 0.2 HFU. is transport_ed to the surface 
by hot-spring activity. The country rock is granite. which is usually considered a relatively 

impermeable rock type. 
,.

There is no doubt that hydrothermal convection plays an important role in energy transfer , , 
:in the Cordillera. In local areas the percentage of the energy transported in this manner may 

be larger than the total heat now outside such areas. Comparison of the energy nux for 
the convective system to that from volcanism and conductive heat flow suggests that over 
90% of the total heat during the life of the system is transferred to the surface by the convective 
system. As an overall average it would appear that 1O'Jr or more of the average conductive 
heat llow in the Cordilleran thermal anomaly zone is carried to the surface by this mechanism. 
and energy-nux averages should renect this additional energy loss. 

Miscellaneous Energy Sources 

Other phenomena that may playa part in the energy budget include the energy lost in 
seismic wave radiation during an earthquake and the energy required to make the fracture. 
Both of these effects can be shown to be less than 0.02 HFU (Blackwell. 1967). The radiated 
energy can be calculated by using tbe recurrence relationship for earthquakes in the various 
areas of the Cordillera (Ryall and others. 1966) and the energy versus magnitude relationship 
(Richter. 1958). The increase in potential energy required during uplift is also small. 

In areas near active faults there may be significant contributions to the conductive heat 
now from friction-generated heat along the fault zone. Such a mechanism may explain the 
high heat now along the San Andreas in California (Brune and others. 1969; Henyey and 
Wasserburg. 1971; Lachenbruch and Sass, 1973). Such heat will in general be measured 

by regional heat-now studies and does not need to be considered here. 

Summary 

The discussion of this section has shown that numerous actual or potential nonconductive 
energy-loss mechanisms are operative in regions of active tectonism and that these mechanisms 
must be included in any attempt to estimate total heat flow or energy budget for a given 
area. Estimated rates of energy loss by volcanism during active periods may range from 
0.1 to 1.5 HFU. Estimated rates of energy loss by intrusive activity are as much as one 
order of magnitude more. The smaller values relate to activity averaged over larger areas 
and times. whereas the larger values relate to areas of active intrusion and volcanism. The 
average energy loss from the upper mantle in the past 40 m.y. or so for the Cordilleran 
thermal anomaly zone has been from 0.5 to 1.5 HFU greater than the Qo difference of O. 6 H FU 
between the heat now in the Basin and Range province and the Eastern United States (Roy 
and others. 1968). This extra energy loss must be accounted for by any tectonic model for 
the development of the Cordillera. The object of the next section is to investigate the geographic 
distribution of these various mechanisms of energy loss in the Cordillera. 

i'
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CORRELATION OF HEAT FLOW AND OTHER ENERGY-LOSS MECHANISMS 

Distribution of Cenozoic Volcanism 

Figure 8-3 shows a generalized map of the distribution of Cenozoic volcanic rocks in the 
Western United States. This map was compiled from the "Geologic Map of North America" 
(1965), the various state geologic maps, and recent summaries of the age of Cenozoic volcanism 
published by Stewart and others (1977) and ~tewart and Carlson (this volume). The map 
(Fig. 8-3) represents an attempt to show the time of initiation of volcanism, its duration, 
and the time of the last major volcanism in broad areas. Such a map does not convey an 
idea of the volume of volcanism represented in the various areas or the intensity of the 
thermal event associated with the volcanic episodes. This problem will be discussed in the 
final section. The 1.5-HFU contour from Figure 8-2 is shown on this and several subsequent 
maps for reference, as it is the contour that most clearly outlines the regions of high and 

normal or low heat flow. 
Not surprisingly there is a close correlation between the areas of Cenozoic volcanism and 

the areas of high heat flow. Also the areas of highest heat flow correlate reasonably well 
with areas in which volcanism has occurred within the past 17 m. y. The notable exception 
to this generalization is the area of the Columbia Plateau basalts (dated at 15 to 17 m.y. 
B.P.) in Washington (Ba-·ksi and Watkins, 1973) where the surface heat flow is between 1.2 
and 1.5 HFU. The source of the basalts is near the common boundary of the Washington, 
Idaho, and Oregon where heat-flow data are sparse. 

Lipman and others (I u- 2) and Christiansen and Lipman (1972) have discussed the overall 
compositional variations "ith time and space of the Cenozoic volcanism. They discussed the 
general change with time of the volcanism from andesite to the basalt-rhyolite association at 
different locations in the Western United States. In the preparation of Figure 8-3, some areas 
of minor young basaltic volcanism have been included with older age groups. It is known 
that the upper mantle is partially molten under the whole Cordilleran thermal anomaly zone. 
and it seems more likely that the heat flow will relate to province-wide silicic or combined 
silicic-basaltic volcanic activity rath~r then to relatively isolated basalt occurrences. 

Distribution of Late Cenozoic Intrusive Activity and Hydrothermal Systems 

The geographic distribution of late Cenozoic intrusive activity and current major hydrothermal 
activity is shown in Figure 8-4. Included are the locations of "identified volcanic systems" 
in the Western United States where an "identified volcanic system" is one "showing evidence 
from the presence of silicic eruptives that a high-level magma chamber formed in the recent 
past or is forming at the present time" (Smith and Shaw, J975, p. 73). Most of the centers 
shown in Figure 8-4 are the centers of extensive Holocene or Pleistocene volcanism associated 
with, in many cases, extensive hydrothermal systems. Some examples are the Cascade stratocone 
volcanoes, Yellowstone, the Jemez Mountains, and Long Valley. The locations of these centers, 
of course, agree well with the areas of youngest volcanism shown in Figure 8-3. Nonetheless, 
it is interesting to see where contemporary magma chambers may be. The postulated magma 
chambers are concentrated in narrow bands along the Cascade Range, the Sierra Nevada-Great 
Basin transition (the western boundary of the Cordilleran thermal anomaly zone), the Intermoun
tain seismic belt (Smith and Sbar, 1974; the eastern boundary of the Cordilleran thermal 
anomaly zone), the Rio Grande rift zone, the San Andreas-Gulf of California system, Basin 
and Range-Colorado Plateau boundary in Arizona, and the Snake River Plain-Brothers fault 
zone feature in Oregon and Idaho. 
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The locations of hydrothermal convection systems with estimated aquifer temperatures (based 
on geochemical thermometers) of 90 to 150°C and in excess of ISO°C (Renner and others, 
1975) are also shown in Figure R-4. In general these systems are the largest ones. A peculiar 
feature of this map is that, with a few notable exceptions, the largest and hottest hydrothermal 
systems are not associated with the young magma chambers. A map of all the hot springs 
in the United States (Waring, 1965) is similar, but has many warm springs outside the 1.5-HFU 
contour. 

There are numerous correlations of the heat-flow data (Fig. 8-2) with these data. There 
'
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are areas of unusually high heat flow associated with the Oregon Cascade intrusive zone, 
the Rio Grande rift, the Snake River Plain, and the San Andreas-Gulf of California region. 
In contrast, on the basis of present data, the heat flow does not seem to be unusually high 
along the Sierra Nevada-Great Basin transition. There are not yet enough data to evaluate 
the heat flow along the Basin and Range-Colorado Plateau transition where there are also 
a series of young intrusions. 

Probably one of the most striking correlations is between the location of the major hydrothermal 
systems and the area of very high heat flow included in the Battle Mountain-Snake River 
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Plain-Brothers fault zone region. This area has also been characterized by volcanism (and 
presumably intrusive activity) between 17 and 6 m.y. ago (see Fig. 8-3). The volcanism younger 
than 6 m. y. is basaltic and relatively small in volume, and the main zones of silicic volcanism 
have shifted to the east (Armstr0n& and others, 1975) and west (MacLeod and others, 1976). 
Thus many of the most extensive hydrothermal systems are restricted to areas of older centers 
of volcanism. Most of the remainder of the area of high heat flow (Cordilleran thermal anomaly 
zone and Southern Rocky Mountains) is associated with volcanism, but only in the middle 
to early Cenozoic (more than 17 m.J. ago). Evidence of young magma chambers and extensive 
hydrothermal systems is lacking in these areas. 

Although detailed heat-loss budgets for the possible magma chambers are few, on the basis 
of the inferences in the previous section, much more heat is probably being lost from these 
systems than is indicated from the amount of volcanism alone. Data on the heat loss from 
these centers are necessary before tlte current rates of energy loss can be accurately determined. 

Regional Topography 

Topography is another characteristic feature that is related to the various mechanisms of 
energy release. Suppe and others (1975) have discussed the relation of Quaternary volcanism 
with topography. Strange and Woollard (1964) published a map of averaged topography for 
the Western United States that is useful for this type of comparison, although the size of 
the averaging area is probably too large (1° of latitude x 1° of longitude). This map is shown 
in Figure 8-5 and has been generalized in that the original contour interval of 500 ft (152 
m) has been replaced by contours at 500-m intervals. The map of regional topography is 
virtually identical to the regionally averaged Bouguer gravity map (Mabey, 1966; Eaton and 
others. this volume), and both reflect the same crust and mantle effects. 

Comparison of Figures 8-5 and ~2 quickly illustrates that there are only gross similarities 
between the two sets of data. The major influence on the topography is the average density 
of the crust-mantle section down to some depth. The average density is of course more affected 
than the temperature by variations in crustal thickness. for example (see Crouch and Thompson, 
1976), so that the map of Figure ~5 includes the effects of compositional density variations 
as well as density variations due to temperature (phase changes or thermal expansion). The 
geographic variations of crustal thickness and density have been discussed elsewhere (Eaton 
and others, this volume; Hill, this volume), but consideration of these other effects should 
be kept in mind during this discussion. 

In general, the Western United States is characterized by high heat flow and high topography, 
but there are many exceptions to this generalization and there is no simple one-to-one correlation. 
For example, some areas of high elevation have high heat flow, such as the Southern Rocky 
Mountains and the Yellowstone rqion. On the other hand the Gulf of California and the 
Rio Grande rift have high heat flow and are low in elevation, whereas the Sierra Nevada 
has very low heat flow and high average elevation. Suppe and others (1975) argued that 
the region of highest elevation has the highest crust and mantle temperatures (essentially 
outlined by the 2.0-km elevation contour in the central Western United States). This region 
cuts across most of the geologic aDd geophysical trends of the Cordillera, and such a simple 
correlation seems to make little tectonic sense. 

Two areas that seem to show a relatively straightforward relationship between heat flow 
and topography are the Oregon Cascades and Coast Ranges, and the Snake River Plain-Yellow
stone region. In western Oregon the heat DOW is low between the coast and the edge of 
the High Cascade province (the locus of Pliocene to Holocene volcanism). At that point the 
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heat flow increases dramatically from about I H FU to about 2.5 H FU over a distance of 
20 km or less (Hull and others, 1977). The topography also rises from about 100 to 300 
m to over 1.0 km, but rather more gradually. The gradual change is exaggerated even more 
because of the averaging grid size on Figure 8-5. There appears to be no significant change 
in crustal structure across the heat-flow transition (Johnson and Couch, 1070); therefore, it 
is possible that the elevation difference is related fairly directly to temperature effects. 

In the Snake River Plain, Armstrong and others (1975) documented a progressive eastward
moving episode of silicic volcanism culminating in the contemporary activity at Yellowstone. 
The volcanism began about 17 m.y. ago near the Idaho-Oregon border and progressed eastward 
at a velocity of about 3.5 cm I yr. Brott and others (1978) showed that the heat-flow data 
in the western Snake River Plain can be explained by the volcanic-age model of Armstrong 
and others (1975) and presented a thermal model for the Snake River Plain based on the 
volcanic-age model. They predicted heat-flow values that increase systematically eastward 
toward Yellowstone. These heat-flow values reach 3 HFU or more along the axis of the 
Snake River Plain (shown in Fig. 8-5 for reference) in the east. Along the axis of the Snake 
River Plain, elevation increases smoothly from about 700 m in the west to about 2.500 m 
on the Yellowstone Plateau. This systematic change in elevation is attributed by Brott and 
others (1978) to the progressive decrease in heat flow (and lithospheric temperatures) to 
the west from Yellowstone (the present position of the hot spot) to the Oregon-Idaho border 
(the location of the hot spot 17 m.y. ago). 

This example also points out one of the enigmatic features of the correlations of heat 
flow with topography, that is, although the active center of volcanism stands high, slightly 
older parts of the Snake River Plain, although still much hotter than the surroundings. are 

lower in elevation. This apparently anomalous behavior is common-for example, the Great 
Basin is lower than but hotter than the Colorado Plateau and Sierra Nevada; the Rio Grande 
rift has the same relationship to its surroundings, and so forth. Suppe and others (1975) 

pointed out this problem and suggested that in the case of the Snake River Plain. the change 
in elevation before and after the volcanic episode was due either to loss of crustal material 
by explosive volcanism that removed the material from the area and I or subcrustal erosion. 
The net result of the process is a crust-mantle section that is more ml;lfic in composition. 
and hence its higher average density more than compensates for the increased temperature. 

There are several other processes that can lead to the same result. While the volcanic 
center remains high, material may be removed from the center by normal erosion. This results 
in a subsequent increase in density of the overall crustal and upper-mantle section after cooling. 
Secondly. there may be spreading or rifting associated with the volcanic event. The rifting 
process thins the granitic part of the crust with essentially no chance for its replacement. 
This results in a much more mafic and thus denser crust and upper-mantle section. The action 
of this process is most clearly shown in North America in the case of the Gulf of California 
(Elders and others, 1972). Each stage of the progressive disruption of the continental crust 
is shown between the Mojave desert and the Gulf of California itself. In this process little 
silicic volcanism occurs even though the continental crust is completely split, in contrast 
to the extensive silicic volcanism of the Snake River Plain. 

If any or all of these processes occur and the topography becomes inverted upon cooling, 
then the deposition of sediments back into the resulting basin could lead to subsidence from 
loading. For example, the western Snake River Plain has about 2 km of sediments on top 
of most of the volcanic rocks (Newton and Corcoran, 1963). Whatever the mechanism within 
the Snake River Plain itself, the process may have operated relatively uniformly since the 
various parts show a systematic correlation between heat flow and elevation. 
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The collapse of topography at some time in a volcanic and/ or rifting cycle so that eventually 
higher heat flow may coincide with lower topography can explain many of the apparently 
anomalous relationships between heat flow and topography in the Western United States. 
For example, the Basin and Range province sits lower than the bounding Colorado Plateau 
or Sierra Nevada in spite of its higher heat flow. On the other hand, the Southern Rocky 
Mountains with high heat flow and some of the highest crustal temperatures in the United 
States, but no extensive young volcanism and rifting, stand well above all the surrounding 
provinces. 

105° 
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RELATIONSHIPS BETWEEN HEAT FLOW AND HEAT PRODUCTION 

Interpretation of conventional heat-flow data such as shown in Figure 8-2 relies heavily 
on the relationship of the heat flow to the radioactive heat generation of the crust. So in 
order to carry the discussion of the heat-flow data forward, this section will discuss the 
relationship of heat flow to radioactive heat generation in the Cordilleran thermal anomaly 
zone. 

Birch and others (1968) found that the heat flow (Q) and the radioactive heat production 
(A) in plutonic rocks in New England were linearly related by an equation of the form 

Q = Q" + bA (I) 

where Qo is a constant that can be interpreted as the heat flow from below a radioactive 
layer of thickness b, the slope of the line relating Q and A. Similar results were later reported 
for parts of the Western United States (Roy and others, 1968, 1972; Lachenbruch, 1968, 
1970). Roy and others (1968) identified two thermal provinces in the Western United States 
on the basis of their Q-A relationships: the Sierra Nevada and the Basin and Range province. 
The Sierra Nevada curve has a slope of 10, I ± O. I km and an intercept of 0.40 ± 0.03 HFU; 
the Basin and Range curve has a slope of 9.4 ± 1.3 km and an intercept of 1.40 ± 0,09 HFU 
(standard errors are given for all the parameters), Lachenbruch (1968. 1970) discussed the 
Q-A relationship for the Sierra Nevada and the meaning and interpretation of the linear 
relationship, 

Subsequently, it was found that the Basin and Range Q-A relationship applied fairly well 
to the Northern Rocky Mountains (Blackwell and Robertson. 1973: Blackwell, 1974) and to 
the Southern Rocky Mountains (E. R. Decker in Roy and others, 1972). Sass and others (1976) 
noted the difficulty in applying the same line to the heat flow observed in Nevada. 

The correlation of heat !low and heat production in granite has led to great advances in 
heat-flow interpretation. However. in the Western United States the conventional Q-A relation
ships cannot be obtained and used in interpretation because in most of the area no granite 
is exposed and, in numerous instances. even the nature of the basement is unknown. In 
Nevada, for example, only 2.8o/r of the exposed rocks are granite (Archbold. 1972). and many 
of the exposures are small and thus are subject to uncertainties of interpretation relating 
to the thermal conductivity and heat generation of radioactive elements of the surrounding 
country rock. In Oregon the percentage of granite outcrop is even less than in Nevada, and 
in fact the entire southeastern quarter of the state has no granite exposures suitable for heat-flow 
measurements. Thus, heat-flow measurements must be made in areas that are not ideal for 

interpretation and at sites that may be severely biased relative to the regional heat flow. 
The significance of the Basin and Range Q-A relationship is the subject of some discussion 

and will be briefly reviewed. Roy and others (1968) noted that heat-flow values too high 
to be explained by the Basin and Range Q-A relationship and by reasonable variations in 
crustal radioactivity were commonly observed in the thermally anomalous regions of the 
Cordillera. These heat-flow values were presumed to be related to crustal intrusive events 
or nearby hydrothermal anomalies. Furthermore, Roy and others (1968) pointed out that melting 
would occur at shallow depths in the mantle given the temperature-depth curve implied by 
the Basin and Range Q-A relationship and that only a small rise in temperature and heat 
flow could cause crustal melting. Thus they concluded that regional heat-flow values much 
in excess of an average of 2.5 HFU were not likely to occur except in regions of active 
crustal disruption and / or silicic volcanism. 
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If the Q-A data in a given area fit a straight line, then the intercept value may be interpreted 

as the heat flow from below the radioactive layer. In the Western United States, the slopes 

of the two Q-A relationships are about 10 km. and Roy and others (1972) defined "reduced 

heat flow" as the observed heat flow minus the heat generation in a lO-km-thick layer (or 
b, if known) of the observed A value. To a first approximation, then, Qo may be calculated 

for isolated Q-A pairs. This heat-flow value is called a reduced heat flow to emphasize the 

assumptions needed for its calculation. In an area of active tectonism and volcanism, the 

scatter in heat flow is far too extreme to be explained by variations in radioactive heat production 

and too rapid to be cause.d by mantle sources. In such an area, calculation of reduced heat 

flow will remove the first-order crustal radioactivity effects so that these other types of effects 

can be more readily examined. 

Figure 8-6 shows the locations of measurements converted to reduced heat-flow values 

for the Western United States and the generalized areas of Cenozoic volcanism younger than 

17 m.y. and of Cenozoic volcanism older than 17 m.y. Heat flow and heat production in 

these two areas are shown in Figure 8-7. The values from California have been omitted because 

of the complexity of thermal and tectonic forces at work there. 

There is a significant correlation between the volcanic age data and the reduced heat flow. 

In general, values of reduced heat flow in the range 1.0 to 1.5 HFU are found in areas 

where the age of the last major volcanism is older than about 17 m.y. These data approximately 

fit the Basin and Range Q-A line of Roy and others (1968). The only exception to the systematic 

correlation of the Basin and Range Q-A relationship with areas characterized by older volcanism 

is the Columbia Plateau. Part of the Columbia Basin in Washington covered by the voluminous 

Miocene basalts has a consistent reduced heat flow of 1.2 to 1.4 HFU (Blackwell. 1974; 

Hull and others. 1977). 

In areas where volcanism is younger than 17 m.y. the Q-A relationship is much more complex, 

and indeed it is questionable if ooc exists in the conventional sense. Major subprovinces 

in the Great Basin (the Battle Mountain high and the Eureka low) have been identified by 

Sass and others (1971). These provinces more or less correspond to the areas in Nevada 

where volcanism occurred from 17 10 6 m.y. ago. In east-central Nevada there is an area 

of older volcanism. and most of the points from Nevada that fall near the Basin and Range 
curve are found there (see Fig. 8-6). 

In the areas of most voluminous young volcanism-the High Cascades of Oregon, the Snake 

River Plain. and the southeastern fourth of Oregon-reduced heat-flow values cannot be readily 

determined because no granite is exposed. Only along the western margins of the Snake 

River Plain are there extensive (xposures of granite suitable for calculation of conventional 

reduced heat flow. Five data points from the margins of the western Snake River Plain are 

shown in Figure 8-6. Three of the Q-A points are discussed by Brott and others (1976), 

and Urban and Diment (1975) have published heat-flow values for the two others. Radioactivity 

values for the last two heat-flow values have been obtained from regional radioactivity 
measurements (Swanberg and Blackwell, 1973; Blackwell, unpub. data). The average reduced 

value for these points, all within 10 to 20 km of the margins of the plain, is 2.8 HFU, yet 
the age of most of the voluminous silicic volcanic activity is 10 to 15 m.y. (Armstrong and 

others. 1975). Brott and others (1978) have shown that this high value of heat flow along 
the margins of the Snake River Plain can be explained by the combination of a small residual 

thermal anomaly resulting from the volcanic event and large-scale thermal refraction due to 
the thermal conductivity contrast between the sedimentary and volcanic rocks beneath the 

Snake River Plain and the granites of the Idaho batholith along the margins. 

Of course, in contemporarily active Yellowstone Park, the average convective heat flow 
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Figure 8-6. Map showing reduced heat flow and generalized volcanic ages in the Western United States. 
Areas of volcanism less than 17 m.y. and between 17 and 55 m.y. old are shown in dark and light shading, 
respectively. The 1.5-HFU contour from Figure 8-2 is shown for reference. 

over the 2,500 km' of the caldera is 48 HFU (Fournier and others. 1976), and over the portion 
of the park covered by Yellowstone Lake, the conductive heat flow from the underlying 
convective system is about 20 HFU (Morgan and others. 1977). The "reduced heat flow" 
for this 50- to 75-km-wide section of the crust is only 0.3 to 0.5 HFU less than the observed 
heat flow. Certainly this heat flow must represent an upper limit for heat transfer per unit 
area for a continental area. 

In southeastern Oregon, the heat-flow values are highly variable; they average 1.4 to 3.0 
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HFU over areas of several tens of kilometres square (Hull and others, 1977). The nature 
of the crustal radioactivity is not known because no basement rocks are exposed. However, 
on the basis of measurements on the granitic rocks of the Blue Mountains (Swanberg and 

Blackwell. 1973) and the probable nature of the crust. a value of 3 HGU is probably an 
unper limit to the heat production. and lateral variations are unlikely to cause heat-flow variations 
of more than 0.2 ± 0.1 HFU. Thus, most of the variations must be due to structure. shallow 
heat sources. and/ or large-scale hydrologic effects. 

An east-to-west thermal event in southeastern Oregon. mirroring in many ways the Snake 
River Plain trend. has been described by MacLeod and others (1976). No elevation variation 
coincides with the Oregon volcanic trend. however. and the energy loss associated with the 
event is probably I or 2 orders of magnitude less than that of the Yellowstone event. Still 
the average regional heal flow is much above the value of 1.5 to 1.7 HFU predicted by 
the Basin and Range Q-A relationship. A simple unweighted average of heat-flow measurements 
for southeastern Oregon, excluding the western Snake River area. is 2.5 ± 0.4 HFU (standard 
error shown). 

In a recent study of heat flow in the Oregon Cascades, Hull and others (1977) measured 
heat-flow values of 2.5 HFU in the volcanic rocks at the west margin of the High Cascades. 
The heat production of the few small stocks exposed in the western Cascades ranges from 
J to 3 HGU (Gosnold, 1977). The volcanic rocks are probably underlain by rocks like these 

:. • 
• + 
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stocks, and if their values are typical of the crust, then the reduced heat-now values are 
greater than 2 HFU. The energy loss by volcanism in the Oregon Cascades is given in Table 
8-1. 

The present data make it clear that there are large regions in the Western United States 
that have reduced heat-flow values much above the intercept value of the Basin and Range 
Q-A relationship. The main characteristic of these regions is the presence of extensive volcanism 
within the past 17 m.y. Thus the scatter of points on Figure 8-7A is caused by the complexity 
of the heat-source distribution in areas of young thermal events, the complexity of heat-transfer 
mechanisms, and large-scale v.ariations in the thermal conductivity of the crust. Given these 
factors, a simple linear Q-A relationship cannot be expected to hold for large areas in the 
provinces with young tectonism and volcanism. 

CHARACTERISTICS OF HEAT-FLOW TRANSITION ZONES 

One of the early objectives of detailed heat-flow studies was the investigation of the nature 
(magnitude, width, and so forth) of the transition zones between the various thermal provinces. 
Roy and others (1972) found that the Sierra Nevada-Great Basin heat-flow transition at lat 
39°N occurred over a distance of less than about 50 km, and they measured only one point 
in the transition zone. These data are shown in Figure 8-8A. The Great Plains-Basin and 
Range transition was found to occur over a distance of less than 50 km with no points in 
the transition zone (see also Warren and others, 1969). Subsequent work has been done in 
both transition zones [see Decker and Smithson (1975) and Reiter and others (1975) for data 
on the Basin and Range-Great Plains transition]. A cross section is shown in Figure 8-8A 
for the Sierra Nevada-Basin and Range transition at lat 39°N including data from Sass and 
others (1971) and Henyey and Lee (1976). In addition. Lachenbruch and others (l976a; also 
Lachenbruch, 1968) have published data on the Sierra Nevada-Great Basin transition between 
lat 37°N and 38°N, south of the area studied by Roy and others (1972) (see Fig. 8-8B). 

The main conclusion that can be drawn from the results shown in Figure 8-8 is that the 
transition zones are much more complicated than suggested by earlier data. In general, variations 
of heat flow of 50% to 100% occur across distances of 10 to 20 km, and a single zone 
where the province-wide average heat-flow values change in some smooth way does not occur. 
The rapid spatial variations observed must be caused by crustal, not mantle, effects. The 
two main crustal effects that might be involved are large-scale thermal refraction a~d magmatic 
and/ or hydrothermal heat sources. Lateral variations of radioactive heat sources can be ruled 
out except as local complications (within the Sierra Nevada, for example) because the observed 
effects are much too large. 

From geophysical studies it is known that the physical property differences among heat-flow 
Iprovinces (seismic velocity, for example) extend to depths of 150 to 200 km or more (Archambeau 
land others, 1969; Pakiser and Zietz, 1965). It can also be argued from regionalized topography 
I(see Fig. 8-5, the systematic variation in elevation in the Great Plains, for example) and 
Igravity (Thompson and Talwani, 1964) that the upper-mantle temperature differences persist 
ideep into the mantle. No boundary extending to these depths can cause the sharp surface 
boundary. In the Sierra Nevada. the reduced heat flow is constant at 0.4 HFU from the 
l~estern foothills to the crest. High heat-flow values occur within 20 km of this low reduced 

eat flow at both lat 39°N and lat 37° to 38°N. The major crustal boundary where the crust 
hins from about 45 km in the Sierra Nevada to about 25 km in the Great Basin (Eaton, 
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1966; Johnson, 1965) occurs well to the east of the first high heat-flow values (see Roy and 
others, 1972). There is a systematic change in elevation from west to east across the Sierra 
Nevada with the east side having an elevation more than 2 km above the west even though 
the heat flow is equally low on both sides. The elevation changes must be due to recent 
(past 5 m.y.) lateral or bottom heating of the cold block, although the heat has not yet been 
conducted to the surface. However, magmas are rising to the surface in advance of the thermal 
conduction, and thus a very sharp apparent heat-flow transition or several apparent transitions 
are generated by the crustal magmatism even though the mantle transition may be more gradual 
and the actual source of the high heat flow may be in the upper mantle. "'

Thus the Sierra Nevada boundary is a very complex thermal transition, and the heat flow 
(Fig. 8-8) is responding in a complex way to the mechanisms by which the energy is transferred 
and to the tectonic and structural influences on the heat flow. Furthermore, the measured 
heat flow may be only part of the energy transfer involved. Most of the heat-flow transition 
zones are similarly complex. Thus the nature of the heat-flow pattern in such a transition 
zone may relate more to details of the shallow crustal structure and the mechanisms of shallow 
crustal heat transfer than to the presumed mantle sources of energy loss. 

DISCUSSION 

As a result of the additional data available at the present time, it is apparent that the 
heat-flow pattern in the Western United States, and particularly the Cordillera, is very 
complicated. The discussion in this section represents an attempt to generalize the results 
presented and to discuss a simple regional model for the high heat flow in the Cordilleran 
thermal anomaly zone. The heat flow in the coastal regions has been discussed previously 
(Blackwell, 1971; Roy and others, 1972) for the areas of low heat flow and for the San 
Andreas system (Henyey and Wasserburg, 1971; Lachenbruch and Sass, 1973). 
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Figure 8-8. (A) Observed and reduced beat flow as a function of distance from the Sierra Nevada-Great 
Basin transition at lat 39°N. The observed heat-flow values are shown as dots, and tbe reduced values 
are shown as circles. (B) Observed and reduced beat flow as a function of distance from the Sierra Nevada-Great 
Basin transition at lat 37° to 38°N. 1lJr observed heat-flow values are shown as dots, and the reduced 
values are shown as circles. 
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Energy Flux in the Western United States 

Building on the results of the previous discussions, an energy-loss (heat-flow) map is shown 
in Figure 8-9 that is different in concept from previous maps of heat flow (see Figs. 8-1 
and 8-2) in the Western United States. This map represents a semiquantitative attempt to 
evaluate the actual amount of energy reaching the surface after removal of the effects of 
heat-flow perturbations and nonconductive energy losses related to structure, volcanism. regional 
aquifer systems, and hydrothermal convection. The map is based on the distribution of energy 
loss at crustal levels (although the source of the energy is~n the mantle), and so no transition 
zones are shown (on this scale) between most of the areas of contrasting heat flow. Outside 
the Cordilleran thermal anomaly zone, the energy-loss map is virtually identical to a heat-flow 
map, although some features are different. For example, the high heat flow in the northern 
Great Plains (Fig. 8-2) has been left off because it may be a hydrologic feature. In the thermally 
anomalous regions, more character is shown than in the heat-flow map of Roy and others 
(1972), but the distribution of energy loss is considerably different than shown by a conventional 
heat-flow map (Figs. 8-1 Band 8-2). In Figure 8-9 the high energy-loss areas are divided into 
three categories shown by different map patterns. 

The areas that fit the Basin and Range Q-A relationship (and where no heat-flow data 

exist, those areas with volcanism no more recent than 17 m.y. ago) fall in the energy-loss 
range of 1.5 to 1.99 HFU. Here the reduced heat flow is about 1.4 HFU; the surface heat 
flow ranges from 1.4 to 2.4 HFU and averages 1.8 ± 0.1 HFU. and nonconductive energy 
transfer is minor. These areas include the Northern Rocky Mountains, the Columbia Basin, 
the central part of the Great Basin, and part of the Basin and Range province in Arizona. 
A small area of this characteristic heat flow is postulated in extreme southern Nevada, based 
on the absence of regional volcanism there. 

The second category within the areas of high heat flow represents areas characterized by 
energy loss ranging from 2.0 to 3.0 HFU. major volcanic episodes greater than several million 
years old, and extensive hydrothermal systems. The major regions in this category are the 
northern Great Basin. the western Snake River Plain. the High Lava Plains in Oregon, part 
of the Basin and Range province in Arizona. and the Rio Grande rift zone. In this interpretation, 
the Battle Mountain high of Sass and others (1971. 1976) is included as part of this intermediate 
category of the Cordilleran thermal anomaly zone and not as a distinct province. The volcanism 
in that part of Nevada ended approximately 10 m.y. ago. and there are extensive hydrothermal 
systems active at the present time. There are no obvious tectonic or volcanologic reasons 
to separate this area from the surrounding areas. 

The third category of high heat flow includes areas with total energy-loss values greater 
than 3 HFU (much greater in some areas). This category includes the areas of currently 
active volcanism and tectonism such as Yellowstone and the eastern Snake River Plain. the 
Oregon Cascade Range, the eastern and western boundaries of the Great Basin, the southern 
boundary of the Colorado Plateau. parts of the San Andreas system (the Geysers region), 
the Rio Grande rift (the Valles caldera and possibly other areas). and the Imperial Valley. 
In most of these areas the conductive heat flow is a fraction of the total heat loss and the 
main energy-loss mechanisms are volcanism and hydrothermal convection. The energy loss 
may range from values of 3 to 5 HFU across tens of thousands of square kilometres to 
40 to 50 HFU across thousands of square kilometres in the cases of most extreme crustal 
disruption. 

There are a number of correlations of the energy-loss map in Figure 8-9 with certain geologic 
and geophysical features that are not so clearly shown in conventional maps of heat flow. 
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Figure 8-9. Energy-nux map of the Western United States. Contours are in heat-flow units. 

For example, the map of energy loss indicates a number of thermal boundaries inside the 
Cordilleran thermal anomaly zone that are related to zones of seismicity, crustal structure 

changes, and electrical resistivity variations. In particular the transition from the areas of 
high heat flow of southern Oregon and Idaho to the areas of lower heat flow in northern 

Oregon, Washington, northern Idaho, and Montana is an upper-mantle electrical resistivity 
boundary (Gough, 1974), a crustal structure boundary (Hill, this volume), and a seismic belt 
(Smith, 1977, and this volume). Similarly, the areas of possible transitions in heat flow in 
southern Nevada correlate with major changes in crustal and upper-mantle characteristics 

(Eaton and others. this volume). 
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Thus. in the Western United States. most of the tectonically and volcanically active belts 
are thermal boundaries and I or areas of unusually high energy loss. Recognitior. of this important 
property of these belts will help in understanding the nature, origin, and mechanism of formation 
of these important features. The reasons for this concentration of energy loss are not known. 
Some of the possibilities are that a melting event is moving outward from the center of 
the Basin and Range province (Armstrong and others, 1969), the transition zones are the 
locations of mantle heating above that in the rest of the thermally anomalous regions, or 
the transitions act as stress concentrators because of the change in mechanical properties 
across these zones and thus extension concentrates at these locations. The correlation of 
earthquake zones, thin crust, and electrical resistivity variations with the eastern and western 
boundaries of the Cordilleran thermal anomaly zone has been pointed out (Blackwell, 1969; 
Roy and others, 1972; Smith and Sbar, 1974; Smith and others, 1975; Smith, 1977, and this 
volume). 

Origin of the Thermal Pattern in the Cordilleran Thermal Anomaly Zone 

The accumulated data discussed in this paper reinforce the conclusion that the thermal 
features of the Cordillera are dominantly shaped by the effects of the Mesozoic and Cenozoic 
subduction (Blackwell, 197 L Roy and others, 1972). The average energy anomaly above the 
normal continental heat flow of the Cordilleran thermal anomaly zone throughout the past 
40 m.y. at least has been 1.5 to 3.0 HFU over an area averaging 800 km in width. This 
amount of energy for this period of time can only come from active plate interactions. and 
the thermal patterns, induding the areas of low heat flow. can best be explained by subduction
zone interactions. Furthermore. energy of this order of magnitude for this length of time 
can most likely come from frictional heat generated along the subduction zone. 

Although this overall mechanism explains most of the various features a general way. many 
important details of the tectonic and volcanic development must be explained by details of 
the process and its possible interaction with hot spots. subducted ridge locations. and so 
forth (Atwater, 1970; Lipman and others. 1972: Christiansen and Lipman. 1972: Smith. 1977). 

The most satisfactory thermal models of subduction zones have been developed by Hasebe 
and others (1970) in order to explain the heat flow over the Japanese arcs. the area most 
similar to the Western United States in size. Over the part of the subduction zone with 
high heat flow, energy is continuously pumped into the upper mantle from friction along 
the top of the downgoing slab. This energy may go into heating the upper mantle. crust. 
and so forth. Eventually if the subduction zone does not change its position. the mantle 
wedge begins to convect, either as a solid or as a liquid. and the heat is transferred rapidly 
upward. At any given time, large portions of the mantle (100 to 300 km thick, solid to partially 
liquid) may be metastable. If an instability develops in the upper mantle (caused by a change 
in stress state, subduction characteristics, high concentrations of magma, or anyone of many 
other possible mechanisms), then heat and perhaps magma will be concentrated at some point 
and will result in a thermal event in the crust (see Marsh and Carmichael, 1974). The instability 
may propagate in an irregular fashion through the hot, partially melted mantle and cause 
systematic spatial variations in the crustal thermal event. This mechanism is envisioned for 
the Western United States as an explanation for the volcanic progression patterns. 

Whether the concept of a mantle diapir (Karig, 1971; Scholtz and others. 1971) has any 
validity is problematical. It seems more likely that the upper mantle above the subduction 
zone is in a continuous state of convection. Volcanic events have occurred at times and 
places of sufficient heat input to cause significant crustal melting and the possibility of some 
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(probably small) amount of silicic material input from the mantle. These events have probably 
been strongly influenced by the residual effects of much older (Mesozoic and Paleozoic) thermal 
events that left a thinner and weaker lithosphere in places (such as the Southern Rocky Mountains, 
for example) in the same way that current spreading is focused in the area of highest energy 
loss from the mantle (hottt:st upper mantle?) The relationship of the volcanic events to the 
nature of the Pacific-North American plate interaction remains to be completely understood. 
The crustal spreading in the Great Basin might be related to such events, but similar crustal 
structure is present in the Pacific Nonhwest far north of the postulated interactions responsible 
for the Great Basin rifting (Blackwell, 1969). 

The heat-flow patterns observed in the Cordilleran thermal anomaly zone cannot be uniquely 
related to the mantle effects that give rise to the surface pattern, and many different models 
are compatible with the heat-flow data. The heat-flow data set energy limits, but the volcanic 
and tectonic history may be more informative in determining the mechanisms. 

Thermal Model for the Cordilleran 11Iermal Anomaly Zone 

The results of the previous sections demonstrate that the heat flow along the Cordillera 
is high and variable. There appear to be many complicated correlations of the heat flow 
with other geologic and geophysical parameters, but the clearest correlation is with the Cenozoic 
volcanic history. The heat flow may also correlate with past spreading or normal faulting, 
as it seems to correlate with the contemporary seismic zones. The history of normal faulting 
is much less well known than the age of the volcanism, however (Stewart, this volume). 

The correlation between the Basin and Range Q-A relationship and the areas with volcanic 
activity older than 17 m.y. has been shown. In areas of younger volcanism the heat transfer 
is very complicated, and numerous nonconductive mechanisms contribute to the total energy 
transfer. These types of energy loss must be evaluated to obtain the true heat flow in a 
given area. The composition and volume of the volcanism and plutonism also relate to the 
energy budget and to the nature of the thermal event. In turn the various parameters are 
related to the driving mechanism(s) of the tectonism and volcanism. 

In an ocean setting, a relatively simple model gives a good representation ('f the thermal 
event associated with sea-floor spreading (McKenzie, 1967). On the continents, thermal events 
are much more complicated, however. In the oceans, topography appears to be closely related 
to heat flow and helps in determining the thermal models where the heat-flow pattern is 
disturbed by hydrothermal convection near the ridge crests [see Parsons and Sclater (1977) 
for discussion of these points]. Such a simple relationship between heat flow and elevation 
does not work in general for the continents because of the common changes in crustal density 
associated with thermal events. Thus much detailed information on crustal structure is necessary 
before correlations between heat flow and elevation can be made for continents. The only 
places in the United States where elevation correlates with heat flow in a relatively straightforward 
way are along the Snake River Plain, western Oregon, and the Great Plains-Southern Rocky 
Mountains. 

In the Western United States, thermal events might range from a primarily heating event 
where a section of the lithosphere is heated to its melting point over some depth range to 
a rifting event where the continental crust is completely attenuated without significant volcanism, 
to a thermal event associated with plate-plate interaction along a transform fault. An example 
of the extreme type of melting thermal event is of course Yellowstone; of the rifting event, 
the Imperial Valley-Gulf of California; and of the transform fault, the San Andreas. The 
rifting event could resemble the volcanic event if the spreading occurred primarily by 
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emplacement of new crustal material. In the Imperial Valley it appears that the rifting has 
occurred primarily by attenuation of the continental crust. In the Basin and Range province, 
spreading has been accompanied by silicic volcanism as well as crustal thinning; thus, presumably 
there have been much higher crustal temperatures. In both cases the mantle material must 
flow into the extending area in the mantle to accommodate the increase in surface area. 

Undoubtedly once an intense thermal event has affected an area, the nature of the future 
thermal events, particularly the volcanic events, is restricted. Therefore, subsequent volcanic 
events differ in character even if the source and energy loss remain the same. The transition 
from the andesite to the basalt-rhyolite volcanic association (Lipman and others, 1972; 
Christiansen and Lipman, 1972) may reflect such an irreversible process. The progression 
of volcanism outward from the Idaho-Oregon border in the past 10 to 15 m.y. may be a 
typical volcanic event in which a thermal instability developed and progressed into other 
metastable regions in a manner similar to the migration cf salt domes or salt walls. The 
Yellowstone system may represent the superposition of an additional heat source such as 
a plume (Morgan, 1972). The intensity of energy transfer at Yellowstone is certainly not 
out of the realm of subduction zones, however, as virtually identical size and energy loss 
are associated with the Taupo graben (Elder, 1965) of New Zealand. 

During an active spreading or melting event (or any combination of the two), temperatures 
would rise with time (continuous thermal model). Eventually the temperature of the lithosphere 
would approach a new steady-state value if the activity persisted for long enough. During 
the period of activity the effect oflithospheric heating, volcanism, and hydrothermal convection 
heat losses would have to be added to the measured heat-flow to obtain the true mantle 
energy flux. Once activity ceases and cooling starts, then the subsequent thermal behavior 
of the crust and upper mantle will be essentially independent of the mechanism of origin 
of the high temperatures. It appears that in most of the Cordilleran thermal anomaly zone 
there have been both volcanism and extension. Unfortunately, it is very difficult to date 
extensional events except as they are associated with volcanism. With more data in the future 
it may be possible to subdivide the zone more completely on the basis of the date of the 
last major thermal event. 

The cooling history of a widespread thermal event may be modeled as a one-dimensional 
instantaneous heat-conduction problem where the temperature at each depth at the end of 
the thermal event (heginning of the cooling) minus the background temperature (approximately 
linear) is the initial temperature anomaly and simple subsequent cooling is assumed. This 
type of model approximates the ocean-ridge cooling problem as well (Parsons and Sclater, 
1977). Unfortunately, there is no way to know in detail the temperature in the crust and 
upper mantle after any given thermal event. Furthermore, in an active volcanic province 
there may be a random distribution of magma-emplacement depths and times, and the time 
history of the temperature at some depth will be a complex superposition of vertical and 
lateral conduction effects. Such a complexity does not cloud the ocean-ridge cooling model. 

I consider as a very simple model for decay of a thermal event the instantaneous cooling 
of a semi-infinite half space at a constant initial temperature (Carslaw and Jaeger, 1959, 
p. 62) of 1, 140°C. This model represents the maximum possible variation in heat flow with 
time because no background temperature or heat flow is assumed except that a heat flow 
of 0.35 HFU is added to account for the average radioactivity of the surface layer. The 
heat flow is produced in a IO-km-thick layer with a heat generation of 3.5 HGU. The temperature 
increment due to the radioactive layer is 60°C so that the initial temperature in the calculation 
is 1,200°C overall. This model corresponds to a thermal event that results in the heating 
of the crust to the melting point of basalt throughout. The cooling history of this model 
(VI) is shown in Figure 8-10 for a thermal conductivity of 6 X 10-3 cal/(cm's'°C) and a 
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during the first 20 m.y., and the heat flow decreases with time from a value of 7.2 HFU 
after I m.y. to about 1.8 HFU after 15 m.y. and 1.3 HFU after 50 m.y. 

In the V2 model shown in Figure 8-10, the initial temperature is assumed to be at 1,200°C 
throughout at zero time, and to cool to the steady-state temperature appropriate for a heat 
flow of 0.95 HFU at the surface. a mantle heat flow of 0.6 HFU, and a radioactive layer 
with a heat generation of 3.5 HGU, at infinite time. The anomaly was calculated using equation 
29 of Parsons and Sclater (1977). The value of 0.6 HFU was chosen as a reasonable mantle 
heat flow for a cratonic or shield area. The main result is that V2 cannot be distinguished 
from the previously discussed model (VI) for times less than 100 m.y. at least. 

As a variant of the V2 model, the anomaly was assumed to extend up to a depth of 10 km. 
The effect of this modification is also shown in Figure 8-10. The heat flow after I m.y. 
is much lower, of course. and the two models become indistinguishable after about 10 to 
15 m.y. In the case of a continental volcanic event, the intensity can vary tremendously. 
so that the theorelical regional heat flow at some subsequent time will represent a superposition 
of many spatially and temporally varied relatively local events. After a few million years, 
the anomalies will become indistinguishable as their effects merge. The time required is related 
to the spatial relations of the various components that make up the thermal event. Thus, 
the two cases for model V2 that 'are shown are only two possibilities of an infinite number 
of one-, two-, and three-dimensional anomalies that could be components of a major volcanic 
event. 

A third model is shown in Figure 8-10 (V3). This model is identical to V2 except that 
the mantle heat flow is constrained to be 1.4 HFU. This model is only distinguishable from 
the previous two at times greater than 10 m.y. The range of age and heat flow for the Basin 
and Range Q-A curve, given the error of the intercept and assuming an average A of 3.5 
HGU (so that this model is comparable to V I and V2), is shown by the box in Figure 8-10. 
The heat-flow results do not exclusively favor either model. Either a thermal history with 
a mantle heat flow of 0.6 HFU (or less) or with a mantle heat flow of about 1.3 HFU 
is consistent with the data. A distinction is important, however, because the implications 
of the models are very different. 
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If the parts of the Cordilleran thermal anomaly zone where the thermal events are old 
are cooling off to a shield type of mantle heat flow, then there has been no continued input 
of heat into the mantle after the end of the thermal event. If the thermal decay is toward 
a mantle heat flow of 1.3 HFU or so, then the mantle heat flow has remained anomalous 
even after the end of the thermal event most obvious at the surface. This latter explanation 
is favored. With the heat-flow and heat-generation data now in the process of being analyzed 
and continuing detailed geochronologic studies of volcanic and intrusive rocks, it should be 
possible soon to analyze the geographic variations of the mantle heat flow in the CordiIleran 
thermal anomaly zone in detail and investigate in detail the correlation of the mantle heat 
flow with age of the thermal event. Such studies will result in a significant improvement 
in the understanding of the thermal history of the CordiIleran thermal anomaly zone in particular 
and the continental lithosphere in general. 
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